ABSTRACT
INTRODUCTION
Late life depression (LLD) is a common mood disorder with a pervasive and persistent low mood in elderly people (60 years or older). It is invariably accompanied by multiple neuropsychology impairments and abnormal neuroimaging results [1] [2] [3] . According to the age at depression onset, LLD could be divided into late onset (first onset at age 60 or above) depression (LOD) and early onset (first onset before age 60) depression (EOD). Previous studies have reported an association between cerebrovascular disease and late life depression [4, 5] . Relative to EOD patients, LOD patients have shown more vascular changes [6, 7] , greater cognitive impairments [8, 9] hippocampal atrophy [10, 11] , and higher risk of dementia [12] . In addition, cerebrovascular changes contribute to the development of depressive symptoms in patients with late life depression [13] .
Cerebral blood flow (CBF) reflects the neural activity through the neurovascular coupling and has traditionally been measured using nuclear medicine techniques, such as single photon emission computed tomography (SPECT) and positron emission tomography (PET). Significant reductions of regional CBF in the frontal, parietal, and temporal regions have been found in major depressive disorder (MDD) patients [14, 15] .
Research Paper
Unlike PET and SPECT techniques, arterial spin labeling (ASL) magnetic resonance imaging (MRI) offers a novel noninvasive approach to quantitatively measure CBF [16, 17] . The results of ASL have comparable diagnostic accuracy with PET [18] [19] [20] . Recently, ASL has been applied to investigate brain function in MDD patients, but the CBF data have varied considerably. Several studies have reported decreased CBF perfusion in the frontal regions and anterior cingulate cortex (ACC) in MDD patients [21] [22] [23] [24] , while other studies have reported opposite results [25] . Both increased [23] and decreased [21] CBF perfusion has been reported in limbic areas in MDD patients. ASL analysis of CBF perfusion in LLD patients has been rarely used, and more studies are needed [26] . Specifically, it is important to analyze the relationship between CBF and cognitive function in LLD patients, especially in the two subgroups, LOD and EOD patients.
Cerebral blood flow varies substantially between acute and remitted MDD patients. A previous study reported that abnormal CBF of most brain regions including frontal, temporal and cingulate cortices was improved, while decreased CBF was persistent in other regions, such as right lingual gyrus following 6-week antidepressant treatment [27] . An increased CBF in the dorsolateral prefrontal cortex was found in MDD adolescents after a five-session cognitive behavioral group therapy, which coincided with a reduction in MDD symptoms [28] . Our group has recently reported that the deficit in executive function and memory persisted in the remitted late life depression, which might be implicated in gradual conversion to dementia [29] . Therefore, it is important to elucidate the CBF abnormalities and their potential influence on permanent cognitive impairment in remitted elderly MDD patients. In this study, we used pulsed-ASL (pASL) to compare the grey matter CBF levels between remitted LOD, EOD, and age-matched healthy controls (HC). We hypothesized that there were different regional CBF levels, possibly involving frontolimbic-cingulate-striatal areas among the three groups. Furthermore, we explored the correlation between abnormal regional perfusion and cognitive dysfunction in the remitted LOD and EOD patients.
RESULTS

Demographic data and neuropsychological performance in LOD, EOD, and HC groups
There were no significant differences in gender, age, years of education, and the results of the TMT-A test (in seconds) among the LOD, EOD, and HC groups. However, both LOD and EOD patients performed significantly worse on Hamilton depression rating scale (HAMD), auditory verbal learning test-delay recall (AVLT-DR), Rey-Osterrieth complex figure test-delay recall (ROCF-DR), and semantic similarity test when compared with healthy controls. In addition, LOD patients showed poorer performance on digit symbol substitution test (DSST) and TMT-B test (in seconds) than healthy controls. However, no significant differences in cognitive performance were found between LOD and EOD groups (Table 1) .
Normalized CBF values in LOD, EOD, and HC groups
The normalized CBF values differed in cerebral cortices, including frontal, temporal, parietal, occipital, cingulate cortices, and insula/striatum (Figure 1) . The post hoc analysis showed that LOD patients had significantly increased CBF in left frontal, temporal, cingulate cortices and right superior temporal gyrus, and decreased CBF in bilateral precuneus, cuneus and right cerebral cortices when compared with healthy controls (Figure 2A) . Similarly, EOD patients had increased CBF in right angular gyrus and decreased CBF in left cerebellum and right medial occipital cortex relative to healthy controls ( Figure 2B ). Compared with EOD patients, LOD patients had increased normalized CBF values in left frontal, temporal, cingulate cortices, and cerebellum, while decreased normalized CBF in bilateral precuneus, cuneus, and right cerebral cortices ( Figure 2C ).
Partial correlation analysis in LOD, EOD, and HC groups
The partial correlation analysis revealed that the TMT-B test scores negatively correlated with the normalized CBF values in right parietal cortex and calcarine/lingual/ fusiform gyrus (CLF) in LOD patients. Additionally, normalized CBF values in right CLF positively correlated with ROCF-DR scores in LOD patients. These brainbehavior correlations were not observed in EOD patients and healthy controls ( Figure 3 ).
DISCUSSION
Using ASL imaging technique we found significant CBF changes in several brain regions of patients with remitted LOD and EOD compared with healthy control (HC) individuals. Remarkably, LOD patients had increased CBF in left brain areas, but decreased CBF in right brain areas. More differences in CBF were found between LOD and EOD patients. To our knowledge, this is the first report demonstrating different characteristics of normalized CBF between remitted LOD and EOD patients. In addition, abnormalities in normalized CBF correlated with cognitive impairment in LOD patients, but not in EOD patients.
We have found decreased normalized CBF of right calcarine/lingual/fusiform gyrus both in remitted LOD and EOD patients. Consistently, decreased CBF in right lingual gyrus has been reported in patients with acute depression, which persisted after 6-week antidepressant treatment [27] . www.impactjournals.com/oncotarget
The decreased CBF of right lingual gyrus might be a common characteristic of brain hemodynamics regardless of the two subtypes of depression. However, this study has demonstrated inconsistent changes in CBF in several brain regions between EOD and LOD patients. First, the CBF in right angular gyrus was increased in EOD patients, but decreased in LOD patients. It has been previously reported that the right angular gyrus exhibits a decreased regional spontaneous neural activity (ReHo) in treatment-naive LOD patients [30] , while it has increased ReHo in young adults with MDD [31] . Second, the present study revealed the reduction of CBF mainly in the right fronto-cingulatelimbic-striatal areas in remitted LOD but not EOD patients. A previous study has reported decreased CBF in frontal and anterior cingulate cortices in acute phase of late life depression [32] . Compared with EOD, LOD has a higher level of comorbidity, such as cerebrovascular disease and carotid plaques [6, 7] . Vascular depression has been associated with older age, late age at onset, and vascular risk factors (e.g., white matter hyperintensities, cerebrovascular disease, diabetes, and hypertension) [5, 33, 34] . The present results support the vascular depression hypothesis [33] , with the disruption of prefrontal systems or their modulating pathways in LOD. Studies focusing on CBF in remitted LOD patients are virtually absent. Kaichi et al. [27] have reported that abnormal CBF improved in most brain areas including frontal, temporal cortices, and ACC, after 6-week antidepressant treatment in youth patients with MDD. These results, along with our findings, suggest an improved CBF in the remitted EOD patients.
A significant CBF perfusion asymmetry was found in remitted LOD patients who had increased CBF in left brain areas, but decreased CBF in right frontal and temporal cortices. In this regard, hemispheric asymmetry has been previously reported in MDD patients. Consistently with our findings, Kaichi et al. [27] have found an increased CBF in left hemisphere and decreased CBF in right hemisphere in MDD patients. A reduced excitability of both excitatory (rest motor threshold and intra-cortical facilitation) and inhibitory (corticospinal silent period and intra-cortical inhibition) processes in left hemisphere compared with right hemisphere was reported in MDD patients [35] . MDD patients exhibited hemispheric lateralization of emotion processing; right, but not left hemisphere, was preferentially sensitive to affective context [36] . However, a recent meta-analysis reported an opposite CBF perfusion asymmetry pattern in medicationfree patients with MDD, showing increased CBF in right thalamus, caudate and precuneus, and decreased CBF in left middle frontal gyrus, insula and superior temporal gyrus [37] . This meta-analysis included studies focusing on the acute phase of young adult patients with depression, suggesting that CBF perfusion might be affected by the onset age and the therapeutic status of depressive symptoms. Therefore, hemispheric asymmetry may be an important characteristic in remitted LOD patients.
The present study found that the remitted LOD patients had worse executive function (TMT-test B scores) and memory (ROCF-DR scores), while the remitted EOD patients had decreased ROCF-DR scores relative to healthy controls. Consistently, executive function and memory impairments have been reported to be persistent in remitted depression [38, 39] . LOD patients had more serious cognitive impairment [8, 9] and higher risk of dementia than EOD patients [12] . Furthermore, our study has demonstrated that abnormal normalized CBF correlates with TMT-test B and ROCF-DR scores in remitted LOD, but not EOD patients. The inter-network connectivity has been previously found to correlate with executive dysfunction in late life depression [40] , and the abnormal global topology of default mode network correlates with memory deficit in remitted LOD [41] . Consistent with our results, a previous study has found that cognitive function correlates with brain structure alterations (including prefrontal cortical and hippocampal) in LOD, but not EOD patients [42] . The ASL technique may be preferentially sensitive to the earliest pathological events of cognitive disorder prior to macroscopic grey matter loss [43] . Our findings indicate that the robust CBF disturbance might be implicated in the cognitive decline in LOD patients.
However, there are several limitations in the current study. First, due to a cross-sectional study design, we could not determine whether the observed CBF changes in patients with remitted LOD and EOD reflect the state or the trait of the disease. The correlation between CBF and cognitive function in remitted LOD patients might suggest . www.impactjournals.com/oncotarget a possibility of regional perfusion reduction together with progressive cognitive impairments across time; this should be addressed in future research. Second, previous work has reported that antidepressants may induce significant reduction of CBF in several brain regions including the amygdala, fusiform gyrus, insula, and orbitofrontal cortices in healthy subjects [44] . Since most recruited patients received antidepressants, it is conceivable that the influence of these medications might have contributed to the alterations of regional blood perfusion. Third, the present study used pASL sequence instead of pseudo-continuous ASL (pCASL) sequence. The pCASL sequence has higher signal-to-noise ratio (SNR) than the pASL sequence [45] . Future research should use pCASL sequence to investigate the CBF alterations. Additionally, in the present study, the labeling parameters (TI1:600 ms; TI2: 1600 ms) were shorter than previous recommendations (TI1:800 ms; TI2: 2000 ms in adult clinical patients) [46] . When TI2 is shorter than arterial transit time (ATT), low ASL signal may reflect the combination of low CBF and unexpectedly long ATT. ATT varies between 500-1500 ms in healthy gray matter, but can be 2000 ms or longer in cerebrovascular disease and in deep white matter. Therefore, some areas with decreased CBF might have resulted from inadequate TI2.
In conclusion, this study has detected increased abnormalities and hemispheric asymmetry in CBF in remitted LOD patients compared to EOD patients. LOD patients exhibited a correlation between CBF alterations and cognitive impairment. Further studies are needed to investigate the molecular mechanisms responsible for the CBF differences between LOD and EOD patients, and analyze the relationship between neuroimaging characteristics and cognitive functions in LOD patients.
MATERIALS AND METHODS
Participants
The study included 107 naturally right-handed Han Chinese participants, including 64 patients with remitted late life depression who were recruited from the geriatric psychiatry outpatient centers at Affiliated ZhongDa Hospital, Southeast University and Affiliated Brain Hospital, Nanjing Medical University, and 43 non- depressed healthy controls (HC) recruited through local advertisements. The remitted LLD patients had a history of depressive episode, which met the diagnosis of unipolar major depressive disorder based on the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (DSM-IV-TR). The remitted status was diagnosed when the LLD patients had Hamilton depression rating scale for depression-17 items (HAMD-17) scores ≤ 7 for more than 2 consecutive months. The remitted LLD patients were divided into remitted EOD patients (n = 32) and remitted LOD patients (n = 32) based on the age of first onset. All participants met the following criteria: (1) age between 60 and 80; (2) at least 8 years of education; (3) HAMD scores less than or equal to 7; (4) absence of dementia. The exclusion criteria were as follows: (1) past or current history of any other DSM-IV-TR Axis I psychiatric disorders, such as psychotic or bipolar disorder, alcohol or substance abuse/ dependence; (2) history of neurological disease including Parkinson's disease, multiple sclerosis, epilepsy, or stroke; (4) head injury with loss of consciousness; (5) severe visual or hearing loss; (6) MRI contraindications. All participants provided written informed consent and the study protocol was approved by the Hospital Ethics Committee in accordance with the Declaration of Helsinki.
Neuropsychological assessments
Neuropsychological assessments of all participants were carried out by a highly trained examiner to evaluate the function of episodic memory, executive function, and processing speed. The neuropsychological measures consisted of auditory verbal learning test-delay recall (AVLT-DR), digit symbol substitution test (DSST), Rey-Osterrieth complex figure test-delay recall (ROCF-DR), semantic similarity, and trail making test -parts A and B (TMT-A,B). Table 1 contains demographic and neuropsychological data for all participants.
MRI data acquisition
All participants underwent an MRI scan, which was performed on a 3.0 Tesla Trio Siemens scanner with a 12-channel head-coil (Siemens, USA) at Affiliated ZhongDa Hospital, Southeast University. Pulsed arterial spin labeled (pASL) images were acquired using a PICORE Q2T sequence (TR = 4000 ms, TE = 12 ms, TI1 = 600 ms, TI2 = 1600 ms, number of slices = 27, thickness = 4 mm, gap = 1 mm, imaging matrix = 64 × 64, FOV = 250 mm × 250 mm, FA = 90°, acquisition duration = 7 min and 14s). High-resolution T1-weighted axial images covering the whole brain were acquired using a T1-weighted 3D-MPRAGE sequence (TR = 1900 ms, TE = 2.48 ms, TI = 900 ms, flip angle (FA) = 9°, number of slices = 176, thickness = 1mm, gap = 0mm, imaging matrix = 256 × 256, field of view (FOV) = 250 mm × 250 mm, acquisition duration: 4 min and 18 s).
MRI data preprocessing
The ASL data preprocessing was carried out using ASL toolbox [47] , which is based on SPM8 (http:// www.fil.ion.ucl.ac.uk/spm). The first volume of 105 ASL acquisitions was used as the M0 image with the remaining 104 volumes used as 52 control-label pairs. A six-parameter rigid body motion spatial transformation was used in aligning the raw echo-planar imaging (EPI) time series. The spurious motion component caused by the systematic label/control alternation was regressed out from the motion parameters before applying the transformation on the images [48] . The next processing consisted of coregistering the mean EPI images to the high-resolution T1 images, which were simultaneously segmented into gray matter (GM), white matter (WM), and cerebrospinal fluid tissue probability maps (TPMs). Image masks and the TPMs were resliced to the native ASL spaces.
The M0 images were co-registered to mean EPI images and smoothed with full-width-half-max (FWHM) = 6 mm isotropic Gaussian kernel. Pairwise subtraction of the control-label images was performed and the difference images were converted to absolute CBF maps using the formula [46] 
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where λ is the brain-blood partition coefficient, ∆M is control-label difference, ω is the post-labeling delay, T 1,blood is the T1 of blood, α is the tagging efficiency, τ is the labeling duration, and M 0 is the equilibrium magnetization of the brain. In the present study, λ = 0.9 ml/g, ω = 1.6 sec, T 1, blood = 1650 msec, α = 0.95, and τ = 600 msec. The CBF maps were normalized by dividing by the global mean CBF value of each participant to reduce the inter-individual variability.
The CBF images were processed using partial volume correction in the native ASL spaces and subsequently normalized to Montreal Neurological Institute (MNI) space using a linear affine transformation. The images in the MNI space were smoothed using an isotropic Gaussian kernel with FWHM = 6 mm.
Statistical analysis
The package PASW statistics 18.0 software was used to assess the differences in descriptive demographic and neuropsychological data using analysis of variance (ANOVA), independent samples t-test, and chi-squared tests among the three groups. Group differences in normalized CBF were investigated using analysis of covariance (ANCOVA) with controlling the covariates of gender, age and education (A single voxel threshold was set at p < 0.05 and corrected by Monte Carlo simulation). To investigate the correlation between abnormal perfusion areas and cognitive impairments, partial correlative analysis [49] was used separately with gender, age, and education as covariates in the three groups. Similarly, the partial correlative analysis was performed to investigate the association between clinical variables (age of depression onset and illness duration) and different normalized CBF values in the LOD and EOD groups.
